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Spain; and {Medical Research Council, National Institute for Medical Research, London, United KingdomABSTRACT Fluorescence lifetime imaging microscopy is used to demonstrate that different loads applied to a muscle fiber
change the microenvironment of the nucleotide binding pocket of myosin. Permeabilized skeletal muscle fibers in rigor were
labeled with a fluorescent ATP analog, 30-DEAC-propylenediamine (pda)-ATP (30-O-{N-[3-(7-diethylaminocoumarin-3-carboxa-
mido)propyl]carbamoyl}ATP), which was hydrolyzed to the diphosphate. Cycles of small-amplitude stretches and releases
(<1% of muscle segment length) were synchronized with fluorescence lifetime imaging and force measurements to correlate
the effect of force on the lifetime of the ATP analog bound to the actomyosin complex. Analysis of the fluorescence decay
resolved two lifetimes, corresponding to the free nucleotide DEAC-pda-ATP (t1 ¼ 0.475 0.03 ns; mean5 SD) and nucleotide
bound to the actomyosin complex (t2 ¼ 2.215 0.06 ns at low strain). Whereas t1 did not change with force, t2 showed a linear
dependence with the force applied to the muscle of 0.43 5 0.05 ps/kPa. Hence, the molecular environment of the nucleotide
binding pocket of myosin is directly affected by a change of length applied at the ends of the fiber segments. These changes
may help explain how force modulates the actomyosin ATPase cycle and thus the physiology and energetics of contraction.INTRODUCTIONMuscle contraction is fueled by the hydrolysis of myosin-
bound ATP, which is coupled to structural changes. The
rate of energy use depends on the load experienced by the
muscle, increasing as the load decreases (1). Although this
has been known for more than 90 years, the mechanism
by which the load is sensed by the ATP-splitting myosin
cross-bridges is unknown. A muscle fiber consists of longi-
tudinally repeating structures, i.e., the sarcomeres—each
with a length of 2–3 mm, depending on muscle stretch (2).
A sarcomere is an array of myosin filaments interdigitated
with arrays of actin-containing thin filaments (2,3). Within
a sarcomere, the following regions can be identified: the
I-band mainly formed by actin filaments, and the A-band
formed by myosin filaments. During muscle contraction,
cross-bridges, namely the globular heads of myosin mole-
cules interacting with binding sites on actin in thin fila-
ments, are formed in the A-band to generate force through
ATP hydrolysis (4,5). At the extremities of intact muscle
cells, connections link actin filaments to the tendons through
which force is transmitted beyond the cell.
Fluorescence lifetime imaging was used to probe the
transmission of force by cross-bridges. The fluorescence
lifetime is the average time that a fluorophore spends in
its excited state after absorption of a photon of appropriate
energy. This lifetime is sensitive to the fluorophore’s molec-Submitted April 6, 2010, and accepted for publication July 27, 2010.
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0006-3495/10/10/2163/7 $2.00ular environment. For example, it can change according to
whether the fluorophore is free in solution or protein-bound.
The fluorescent ATP analog, DEAC-propylenediamine
(pda)-ATP (30-O-{n-[3-(7-diethylaminocoumarin-3-carbox-
amido)propyl]carbamoyl} ATP, is a substrate for skeletal
actomyosin ATPase, and has association and dissociation
rate constants comparable to those found for ATP in the
presence of the myosin moiety S1 (6,7). We have shown
previously (8) that the fluorescence lifetime of DEAC-
pda-ATP in skeletal muscle fibers changes with its local
environment—e.g., free in solution; nonspecifically actin-
bound; myosin-bound; or actomyosin-bound.
We show here that the fluorescence lifetime of DEAC-
pda-ATP bound to actomyosin is affected by strain applied
at the ends of the skeletal muscle cell, and that this lifetime
is linearly related to force, which we deduce to alter the
environment of the ATP binding site on myosin. This direct
effect of force on the fluorescence lifetime indicates a
likely mechanism by which the rate constants of particular
steps in the actomyosin hydrolysis pathway, such as one
or more products release steps, are modified by force
through an alteration in the local structure of the nucleotide
binding pocket or of the protein surface near the binding
pocket.
This new application of fluorescence lifetime imaging
microscopy (FLIM) provides an exciting approach for
investigating the structure-function relationships in orga-
nized cellular systems such as skeletal and cardiac muscle
fibers, particularly where the target molecule is concur-
rently in several different environments that are spatially
distinct.doi: 10.1016/j.bpj.2010.07.052
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Chemicals and solutions
The rigor solution contained 60 mM TES, 2 mMMgCl2 and 30 mM EGTA.
The relaxing solution had the same composition as the rigor solution except
that 5 mM of ATP was added. The ionic strength of all solutions was
adjusted to 150 mM using potassium propionate. The pH of all solutions
was adjusted to 7.1 using 5 M HCl or 5 M KOH. Fluorescence lifetime
experiments were carried out at room temperature (22C) in rigor solution
to which was added 10 mM of fluorescent ATP analog 30-DEAC-pda-ATP.
This fluorescent ATP analog was synthesized as described (5).Muscle fibers preparation
Skeletal muscle bundles were obtained from rabbit psoas (New Zealand
ex-breeder rabbit), and permeabilized with glycerol as described previously
(8,9). Single muscle fibers, 2.5–3-mm long, were dissected from the
bundles in relaxing solution on a cooled stage (5C) of a dissecting micro-
scope. Fibers with a sarcomere length between 2.2 and 2.4 mm wereBiophysical Journal 99(7) 2163–2169selected for the experiments. To mount the fiber, aluminum T-clips were
crimped onto the ends of the fiber. The fiber was then transferred in relaxing
solution to a microscope stage which contained a force transducer (AE-800
series sensor element, SensorOne Technologies, Sausalito, CA) and a piezo
motor (preloaded piezo actuator P-841.30 and modular piezo control
system E-201.00; Physik Instrumente, Palmbach, Germany). The T-clips
at the end of the fiber were hooked over stainless steel wire hooks; one
end was attached to the force transducer and the other to the motor. The
frequency and voltage applied to the motor was controlled with a function
generator (TTi TG550 5 MHz function generator; S.J. Electronics, North-
ants, UK). A square function was applied to produce cycles of stretches
and releases in the muscle fiber (Fig. 1 A). With the motor in the released
position (nonstretched fiber), the relaxing solution was exchanged for
a Ca2þ-free rigor solution that contained 10 mM DEAC-pda-ATP. In this
solution, the fiber exhibited near-rigor mechanical properties because the
nucleotide concentration was too low to maintain detachment of actomy-
osin cross-bridges, which formed in the overlap region. An increase in noise
in the force signal after transfer to rigor solution indicated higher stiffness
of the fiber and confirmed cross-bridge attachment and the rigor state. The
force and noise levels remained high when the fiber was transferred to theFIGURE 1 Single muscle fiber in the presence
of 10 mM DEAC-pda-ATP subjected to cycles of
stretches and releases. (A) Force (top trace) and
motor position (bottom trace) for two stretch and
release cycles in this case a voltage of 5.6 volts
was applied which produced a change in the fiber
length of 27 mm (0.9% fiber length change). (B)
Fluorescence lifetime histogram of the whole
image after single exponential fitting for images
(C) stretched (shaded line) and (E) released (solid
line). (C) FLIM image in the stretched state with
a ¼ force of 129 kN/m2, sarcomere length (SL) ¼
2.37 mm, color scale: 1470 (blue) to 1980 (red) ps;
(D) corresponding positive intensity image for the
stretched state. The labeled myosin filaments
correspond to the high intensity bands (or
A-bands). The mean intensity of the image is
184.13 for a grayscale ranging from 0 to 255. (E)
FLIM image in the released state with a force of
61 kN/m2, SL ¼ 2.35 mm, color scale: 1470
(blue) to 1980 (red) ps; (F) corresponding positive
intensity image for the released state with a mean
intensity of 184.46.
Force Sensing by FLIM in Muscle Fibers 2165solution containing 10 mM DEAC-pda-ATP. Under these conditions when
the fiber was stretched by movement of the motor, an increase in the force
was observed. A voltage of 3–10 V (peak to peak) was applied to the motor
to produce fiber length change of 10–48 mm, corresponding to sarcomere
length changes of 0.4–1.7%. Low cycle frequencies were used so that there
was enough time to record a FLIM image in the stretched and released
position. Under these conditions, changes in force of 13–159 kPa were
recorded between the released (low rigor force) and stretched states (high
rigor force).Microscope and FLIM
An upright confocal TCS SP5 microscope (Leica Microsystems, Milton
Keynes, UK) was used in these experiments together with a mode-locked
Ti:Sapphire laser model (Mai-Tai; Spectra-Physics, Mountain View, CA)
as the excitation source, which delivered 120-fs pulses at a repetition rate
of 80 MHz. The laser was tuned to 850 nm for two-photon excitation of
the DEAC-pda-ATP. Fluorescence lifetime imaging was implemented in
the time-domain using a time-correlated, single-photon counting module
(SPC-730; Becker & Hickl, Berlin, Germany). A FLIM acquisition time
of 60 s was typically used to obtain data sets of 256  256 pixels with
64 time-bins. Using a water immersion objective (HCX PL-APO CS
63, 1.20 NA; Leica) and a zoom factor of 14, the image pixel size was
69  69 nm for a spatial resolution of 260 nm. Images were acquired at
400 lines per second using a glass long-pass 450-nm filter. A routing cable
was used to synchronize the motor with the photon counting card so that
stretched/released FLIM images could be recorded into two separate
memory channels.Data analysis
FLIM images were globally analyzed with SPCImage software (Becker &
Hickl) using a single exponential fitting model for visualization purposes.
For more detailed data analysis, the complex fluorescence decay profiles
of the myosin-containing A-bands were analyzed by averaging the signal
from seven sarcomeres, taking advantage of the repetitive sarcomere
pattern, as discussed previously (8). Briefly, for every time bin of the fluo-
rescent decay, the photons for those pixels in equivalent sarcomeric posi-
tions are summed, thus obtaining a fluorescence lifetime decay calculated
using many more detected photons (>1,000,000 photons at the peak of
the decay) than available from a single sarcomere (a few hundred photons
per pixel). The fluorescence decay profiles from the A-band were then
analyzed with Excel Solver (Microsoft Office, Microsoft, Seattle, WA),
and fitted by least-squares analysis to a biexponential decay (Eq. 1),
IðtÞ ¼ Ibaseline þ a1 expðt=t1Þ þ a2 expðt=t2Þ; (1)
where I(t) is the intensity at time t, Ibaseline fits the background intensity, a1
and a2 are the preexponential factor (amplitude), and t1 and t2 are the fluo-
rescence lifetime for the fast and the slow components in the exponential
decay, respectively. The contribution of each species to the total intensity
was obtained by calculating the corresponding fractional intensity contribu-
tions f1 and f2 (Eq. 2):
f1 ¼ a1 t1=ða1 t1 þ a2 t2Þ;
f2 ¼ a2 t2=ða1 t1 þ a2 t2Þ: (2)
Sarcomere length was measured from the intensity images with an image
analysis program (MATLAB, The MathWorks, Natick, MA) which uses
a fast Fourier transform to extract sarcomere length from the repeating sar-
comeric structures. The degree of filament overlap was calculated using
a thin filament length of 1.12 mm and a thick filament length of 1.63 mm
(10) with a bare zone length of 0.16 mm (11,12).
The fluorescence life-time of the free nucleotide was measured in the
same microscope used for measurements in fibers, using the dipping objec-tive to illuminate and collect fluorescence emission from 10 mM DEAC-
pda-ATP nucleotide in solution.RESULTS
We investigated how force affects the microenvironment of
the myosin nucleotide-binding pocket in skeletal muscle
fibers by means of fluorescence lifetime imaging micros-
copy (FLIM) applied to fluorescently-labeled ATP analog
(DEAC-pda-ATP). To perform these experiments, muscle
fibers were bathed in Ca2þ-free rigor solution with 10 mM
DEAC-pda-ATP. Cycles of stretches and releases were
applied as described in Materials and Methods. The image
in Fig. 1A shows the square function applied to muscle fibers
in order to produce stretches of 0.4–1.7% of fiber segment
length, with the corresponding changes in force between
the released and stretched states varying up to 150 kPa.
This level of force is in the range of the force experienced
by cross-bridges during active contraction (5). The majority
of analog bound at the active site is expected to be in the
diphosphate form as nucleotide hydrolysis is relatively fast
(200 s1) compared to product dissociation (12 s1), and
triphosphate binding will be slow at 10 mM DEAC-pda-
ATP (20 s1 (13). Under these conditions, using fibers with
an initial sarcomere length of 2.2–2.4 mm to optimize fila-
ment overlap and maximize the fraction of myosin cross-
bridges (14), we do not expect depletion of the fluorescent
ATP by binding to the muscle fiber because the fiber volume
is small compared to that of the bathing solution. The obser-
vation chamber in the microscope stage contains a volume of
200 mL and the fiber dimensions are, on average, 70-mm
diameter and 3-mm long, giving a fiber volume of 10 nL,
which is 16,000 times smaller than the observation volume.
Thus, a steady state is achieved with a small fraction of
cross-bridges that are nucleotide-free, a larger fraction con-
taining the triphosphate, and amajoritywith the diphosphate.
Fluorescence intensity images (Fig. 1, D and F) show the
A-band as the high intensity band and the I-band as the low
intensity band. The mean pixel intensities of the two images
are virtually identical: 184.1 and 184.5 for Fig. 1, parts
D and F, respectively, for pixels able to assume values
from 0 to 255. To further investigate whether the stretch-
release cycles have an effect on fluorescence intensity, we
consider the change in intensity between the A- and I-bands.
For this, the ratio between the maximum A-band intensity
and minimum I-band intensity was calculated. The
maximum and minimum intensities were obtained after
averaging the intensity signal over a sarcomere, as explained
in Data Analysis, above. For 33 fiber measurements, the
intensity ratio so calculated for the high force state was
1.35 5 0.09 and 1.31 5 0.07 for the low force state. No
dependence on strain was seen. This suggests that under
our near-rigor conditions, force does not change the mean
fraction of bound nucleotide in the A-band, as measured
from the fluorescence intensity values.Biophysical Journal 99(7) 2163–2169
2166 Ibanez-Garcia et al.The fluorescence lifetime also differs between the A- and
I-bands; Fig. 1, C and E, shows that the mean fluorophore
lifetime in the A-bands is longer than that in the I-bands,
which we attribute to specific binding of the fluorescent
nucleotide to myosin heads. In addition, FLIM images
are significantly different between stretched and release
states (Fig. 1, parts C and E, respectively). For visualization
purposes, these images were globally analyzed with the
SPCImage program (Becker & Hickl) by fitting a single
exponential function to the whole image using a 33
binning. This analysis showed that, when comparing the
stretched and released images for the same fiber, the
increase in muscle rigor force produced a shift in the image
lifetime histogram toward longer lifetimes (Fig. 1 B). Fluo-
rescence lifetime analysis of the whole image using a single
exponential decay model, showed that the image corre-
sponding to the low force state had a lifetime histogram
centered at 1.7 ns, whereas the corresponding histogram
for the high force image was centered at 1.8 ns.FIGURE 2 Fluorescence lifetime decay characteristic of the overlap
region in the A-band for a nonstretched muscle fiber. (A) Decay (open
squares) and double exponential fitting (solid black line); t1 ¼ 0.46 ns,
t2 ¼ 2.23 ns, and R2 ¼ 0.9998. (B) Residuals for the fit shown in panel
A; residuals were calculated as the difference between the data points and
the fit divided by the standard deviation of each data point. The decay
does not include correction for the instrument response function (IRF).Analysis of fluorescence lifetime decays
The fluorescence lifetime decay for muscle fibers bound
with DEAC-pda-ATP was measured over a range of applied
strains. The fluorescence lifetime decays for the A- and
I-bands obtained as described in Materials and Methods
were fitted to a double exponential function to obtain two
lifetime components—the fast component present in both
the A- and I-bands is characteristic of the free DEAC-pda-
ATP and the slower component characteristic of the indi-
vidual interaction of DEAC-pda-ATP with actomyosin in
the A-band, and with actin in the I-band.
For the A-band fluorescence lifetime decay (Fig. 2), the
fast lifetime component t1 showed an average lifetime value
of t1¼ 0.475 0.03 ns (mean5 SD, n¼ 33), with a relative
amplitude a1 of 0.48 5 0.02 (mean 5 SD, n ¼ 33). This
corresponded to 16% of the total fluorescence intensity as
calculated with Eq. 2. The fast lifetime component (t1)
was attributed to the population free in solution as supported
by measurement of the fluorescence lifetime of DEAC-pda-
ATP free in solution, in the absence of a muscle fiber and in
identical conditions of temperature, pH, concentration and
ionic strength. The fluorescence decay of the free ATP
analog was well fit (R2 > 0.99) by a single exponential
decay with a lifetime of 0.46 ns, which is close to the value
of 0.47 ns measured in the A-band by fitting a biexponential
function. Over the range of the stretches applied to muscle
fibers, neither t1 nor a1 changed with rigor force developed
in stretched fibers (Fig. 3, A and C).
The slower lifetime component of the A-band decay, t2,
showed an average value for nonstretched muscle fibers
of 2.21 5 0.06 ns, and a relative amplitude value a2 of
0.52 5 0.02 (mean 5 SD, n ¼ 33), corresponding to
84% of the total fluorescence intensity for fibers with a rigor
force of 0–90 kN/m2 before stretch. The value t2 was mainlyBiophysical Journal 99(7) 2163–2169attributed to nucleotide bound to the actomyosin complex
but contained also a small contribution from nucleotide
bound to actin nonspecifically (8). Unlike t1, changes in
t2 depended on the strain applied in the fiber (Fig. 3 B).
A plot of the difference of t2 between the stretched (high
rigor force) and released (low rigor force) states versus the
force difference between these two states shows that t2
increases linearly with strain, with a slope of 0.43 5
0.05 ps/kPa (mean5 SE, p < 0.0001, n ¼ 33). The relative
amplitudes for the bound population did not show, within
the accuracy of the measurements, any strong dependence
on force (Fig. 3 D)—suggesting that the fractions of free
and bound fluorescent nucleotide remained constant during
the different applied length states. We shall see next, by
looking at the I-band decay, that the nucleotide, bound to
actin nonspecifically, is not sensitive to strain. Conse-
quently, the linear relationship observed in the changes in
t2 with force in the A-bands is attributed to actomyosin-
bound species.
The I-band fluorescence decay (Fig. 4), was fitted to
a double exponential function as applied to the A-band.
The fast component, due to free ATP analog, had a lifetime
of t1 ¼ 0.475 0.03 ns (mean5 SD, n ¼ 33), the same as
that found in the A-band, with an amplitude a1 ¼ 0.52 5
0.03 (mean 5 SD, n ¼ 33). The slow component (t3) was
due to nucleotide nonspecifically bound to actin, and had
FIGURE 3 Fluorescence lifetime and amplitude variation with force for the A-band lifetime components. (A) Difference in lifetime (t1 stretched state
minus t1 released state) for the fast component, characteristic of the free fluorescent ATP analog, versus the difference in force between the stretched
and released states. (B) Same as for panel A, but for t2, the slower component characteristic of DEAC-pda-ADP bound to the actomyosin complex, with
contribution from the nonspecifically actin-bound nucleotide. (Solid line) Linear regression; (dashed lines) upper and lower 95% confidence limits;
and (dotted lines) upper and lower 95% prediction limits. The value t2 shows a slope of 0.43 5 0.05 ps/kPa (mean 5 SE). (C) Difference in
amplitude a1 between stretched and released states corresponding to the fast component. (D) Same as for panel C, but for the amplitude of the long lifetime
component a2.
Force Sensing by FLIM in Muscle Fibers 2167a lifetime of t3 ¼ 2.18 5 0.04 ns and an amplitude a3 ¼
0.48 5 0.03 (mean 5 SD, n ¼ 33). We performed the
same data analysis for the I-band decays as for the A-band
lifetime components, wherewe looked at the lifetime change
between the two near-rigor states (high force minus low
force) versus the increase in force experienced by the fiber.
Neither of these two lifetime components nor their respective
amplitudes (free nucleotide or that nonspecifically bound to
actin) showed a dependencewith the strain applied tomuscle
fibers (Fig. 5). The variations in lifetime with force for the
I-band components t1 and t3 are randomly distributed around
zero, indicating that lifetime changes do not depend on the
amount of strain applied. Rather, the variability is attributed
to sample heterogeneity and instrumentation. The results
lead us to suggest that, in the A-band, the linear relationship
found between changes in lifetimes of t2 and strain is
accounted for by changes in the environment of the fluores-
cent nucleotide bound to the actomyosin complex.DISCUSSION
This study demonstrates a link between force experienced
by a muscle fiber and the microenvironment of the actomy-
osin ATP binding sites, as revealed by the fluorescence life-time of a fluorescent analog of ATP bound at the myosin
active site. FLIM and fluorescence intensity images of skel-
etal muscle fibers, incubated with 10 mM nucleotide analog,
show the striated pattern characteristic of the sarcomeric
organization along skeletal muscle fibers, thus demon-
strating the binding of the nucleotide to A-bands.
The data show that strain, transmitted to myosin cross-
bridges bound to actin, directly affects the nucleotide
binding site. The fluorescence lifetime of the overlap region
in the A-band was analyzed with a double exponential
model, in which two main populations of fluorophores
were identified, namely the free DEAC-pda-ATP (short life-
time component) and that of the nucleotide bound to myosin
and actin (long lifetime component). In this analysis, we
show that the first component is insensitive to strain,
whereas the second has a lifetime which increases linearly
with strain (Fig. 3), with a value of 0.43 ps/kPa. Although
this long lifetime also contains a small contribution from
a fluorescent nucleotide nonspecifically bound to actin, we
have demonstrated that the lifetime of nonspecifically
bound nucleotide is not affected by strain (Fig. 4 B). We
therefore attribute the observed changes in lifetime with
strain in the A-band to the population of DEAC-pda-ADP
bound to actomyosin.Biophysical Journal 99(7) 2163–2169
FIGURE 4 Fluorescence lifetime decay characteristic of the I-band for
a nonstretched muscle fiber. (A) Decay (open squares) and double exponen-
tial fitting (solid black line); t1 ¼ 0.46 ns, t3 ¼ 2.18 ns, and R2 ¼ 0.9998.
(B) Residuals for the fit shown in panel A; residuals were calculated as the
difference between the data points and the fit divided by the standard
deviation of each data point. The decay does not include correction for
the instrument response function (IRF).
2168 Ibanez-Garcia et al.Another approach for characterizing the A-band fluores-
cence lifetime decay is to describe the decay with a triple
exponential function (R2 > 0.99) as we have done
previously (8). In this case, three fluorescent species were
identified in the actin-myosin overlap region of the
A-band—namely, free nucleotide, nonspecifically actin-
bound nucleotide, and actomyosin-bound nucleotide with
relative amplitudes of 45, 18, and 37%, respectively. This
was achieved by fixing amplitude and lifetime values of
the free and actin bound species to those values previously
obtained from the I-band analysis before fitting the triple
exponential. This reduced the number of free parameters
to only two. Using free parameters, the triple-exponential
fit was unreliable. The double exponential fit used here,
with no prior assignment of values to the parameters,
provided consistent values. Furthermore, no prior assump-
tions about lifetime values or amplitudes were necessary.
Crystal structures of myosin with bound nucleotide indi-
cate that the ribose 30-position is close to the opening of the
ATP site (15). The 30DEAC-pda ATP used in these experi-
ments has the fluorophore moiety linked to the adenosine
via a relatively long (~1 nm) and flexible propylenediamine
(pda) linker group. It seems likely that the fluorophore lies
outside the binding pocket, explaining why this analog isBiophysical Journal 99(7) 2163–2169competent for supporting contraction. The fluorophore
may interact with one or more amino acids on the surface
of myosin S1 but close to the binding cleft, and that strain
in the cross-bridge modifies the interaction of the fluoro-
phore with the myosin surface. We are currently unable to
determine the nature of the change in the environment of
the binding site that gives rise to the strain-sensitive signal.
The detection of an effect of strain near the nucleotide
binding site suggests that strain could have an effect on
protein-nucleotide interactions and thus modify rate
constants of the ATP hydrolysis cycle, thereby providing
a mechanism for how muscle adapts its energy consumption
depending on the demands made on the muscle.
Under our experimental conditions, the muscle is in
a near-rigor state during the measurements. However, the
possibility of using different analogs to mimic triphosphate
and ADP.Pi states could provide information about strain-
dependence for different intermediates. New labeling sites
such as the essential light chain are being investigated
that will allow us to study muscle fibers in other states,
such as relaxed and active. These experiments also open
new possibilities of labeling different sites in actin,
troponin, and/or tropomyosin for FLIM studies of molecular
interactions in muscle. We did not explore the sarcomere
length-dependence of the signals reported here. It would
be interesting to study the fluorescence lifetime in the
H-zone of stretched fibers where the detached myosin heads
may not show sensitivity to strain. At the sarcomere length
used here (<2.5 mm), the H-zone was only 3–4 pixels wide,
meaning that few photons were collected. Analysis of fluo-
rescence decay lifetimes in this narrow H-zone showed no
evidence of force-dependence, but more experiments are
needed.
The process by which strain affects the environment of
the bound nucleotide analog is unknown. The application
of displacement leading to tension changes may alter
cross-bridge orientation, interactions, and conformation,
and therefore change the interactions that the nucleotide
establishes with its environment, resulting in a variation in
t2 with strain. It is also possible that, under strain, the life-
time of the parallel and perpendicular components could
be slightly different due to anisotropy effects of the bound
fluorescent nucleotide. These anisotropy effects could
contribute to the changes observed in t2.
In general, this study pioneers a new approach for inves-
tigating the structure/function relationship in muscle by
taking advantage of the sensitivity of the fluorescence life-
time of a fluorophore to its local environment. Multiphoton
and FLIM microscopy have broad applicability in the study
of other cellular systems that could benefit from the type of
data analysis and experimental methodology described in
this article. Other parameters such as polarization, energy
transfer, and wavelength shifts could provide additional
information about the environment of the nucleotide binding
pocket and the protein surface in its vicinity.
FIGURE 5 Fluorescence lifetime and amplitude variation with force for the I-band lifetime components. (A) Difference in lifetime (t1 stretched state
minus t1 release state) for the fast component, characteristic of the free fluorescent ATP analog, versus the difference in force between the stretched and
released states. (B) Same as for panel A, but this time for t3—the slower component characteristic of DEAC-pda-ATP nonspecifically bound to actin.
(C) Difference in amplitude a1 between stretched and released states corresponding to the fast component. (D) Difference in amplitude a1 between stretched
and released states corresponding to the slow component.
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